The objective of this study was to develop an integrated nitrogen treatment system using autotrophic organisms. A treatment system consists of an aerobic hollow-fiber membrane biofilm reactor (HfMBR) and anaerobic HfMBR. In the aerobic HfMBR, a mixture gas of air and O 2 was supplied through the fibers for nitrification. Denitrification occurred in the anaerobic HfMBR using H 2 as the electron donor. The treatment system was continuously operated for 190 days. NH 4 -N removal efficiencies ranging from 95% to 97% were achieved at NH 4 -N concentrations of influent ranging from 50 to 100 mg N/L. When glucose was added to the influent, the simultaneous nitrification and denitrification occurred in the aerobic HfMBR, and nitrogen removal rates were changed according to the COD/NH 4 -N ratio of influent. In the anaerobic HfMBR, autotrophic denitrification using H 2 occurred and the removal rates achieved in this study were 23 -58 mg N/m 2 d. In this study, the achieved removal efficiency was lower than other study findings; however, the result suggested that this hybrid HfMBR system can be used effectively for nitrogen removal in oligotrophic water.
Introduction
Nitrification and denitrification are the two main steps in the removal of nitrogenous compounds from groundwater and wastewater. Nitrification involves the two-step conversion of ammonia to nitrite and nitrite to nitrate. It is realized by autotrophic aerobic microorganisms: Nitrosomonas species and Nitrobacter species. Denitrification of nitrate to nitrogenous gas is realized by autotrophic or heterotrophic microorganisms. Conventional systems for the treatment of nitrogen containing wastewater are generally based on the principle that nitrification requires an aerobic condition for oxidation of ammonia, whereas denitrification occurs by using electron donors under an anoxic condition. This implies spatial separation of nitrification and denitrification processes or temporal separation of each step by alternating aeration and no aeration in the same process. There are ranges of autotrophic and heterotrophic bacteria capable of nitrification. Unlike heterotrophic bacteria, autotrophic bacteria are dependent on nitrification to generate energy for cell maintenance and growth. In wastewater treatment systems, autotrophic bacteria constitute only a small percentage of the mixed liquor microbial community, but they are responsible for the bulk of nitrification. Under oxygen-limited or anoxic conditions, denitrification is usually realized by heterotrophic bacteria in the presence of a suitable electron donor. That is, the heterotrophic denitrifiers require external carbon as an electron donor to reduce nitrate in the oligotrophic water, which has a low concentration of biodegradable organics, such as groundwater or some industrial wastewater. Nonutilized external carbon by microorganisms in the wastewater process may discharge and it may cause a secondary pollution problem. Autotrophic denitrification is the alternative method of nitrate removal without the external organic carbons. Hydrogen gas can be used as an inorganic electron donor for the autotrophic denitrification (Kurt et al., 1987; Germonpre et al., 1992) . However, since hydrogen has low solubility in water and is an explosive compound if it occurs in excessive amounts, autotrophic denitrification using hydrogen gas has not been a popular removal technology for nitrous compounds in wastewater and groundwater containing low concentrations of organic compounds. In a recent study, a hollow fiber membrane biofilm reactor (HfMBR) was introduced to supply hydrogen gas with safety Rittmann, 2000, 2002) .
The purpose of this study is to investigate the performance of nitrogen removal using autotrophic organisms in a HfMBR. The hollow fiber membrane is used as the surface for the biofilm and gas is supplied to the lumen of the hollow fiber membrane and diffuses through the membrane pores into the liquid phase. Then, according to the gas species such as oxygen or hydrogen, a biofilm of autotrophic nitrifiers or autohydrogenotrophic denitrifiers forms on the shell of the hollow fiber membranes. In particular, hollow fiber membrane can be effective material for biofilm when hydrogen gas is used as electron donor because of the low solubility and explosiveness of hydrogen gas.
Experimental methods
A schematic diagram of experimental apparatus is shown in Figure 1 . The treatment system consisted of an aerobic and anaerobic reactor for removal of nitrogen in synthetic wastewater. The hollow-fiber membrane reactors had a height of 500 mm and a width of 25 mm. In both of the reactors the influent flow was upward and the liquid in reactor was recirculated to ensure a completely mixed state. Each reactor contained the hollow-fiber membranes, obtained from SK Chem. (Korea). They were polysulfone ultrafiltration membranes (Table 1) , which provide 0.13 m 2 of membrane surface area with 100 hollowfibers. The working reactor volume of each reactor was 75 ml except for the volume of fibers.
Experimental conditions are shown in Table 2 . The same hydraulic retention time (HRT) based on the working volume of reactor was maintained for the two reactors and HRT was changed according to the treatment system performance. The experiments were conducted under ambient temperature (23-25 8C). The aerobic HfMBR performed nitrification in a raw synthetic wastewater. For the maintenance of aerobic condition, a mixture gas of air and O 2 was supplied in the aerobic HfMBR (R1). In the anaerobic HfMBR (R2), denitrification occurred using H 2 as electron donor. Hydrogen of the anaerobic reactor was supplied by a pressurized gas tank.
The synthetic wastewater for the treatment system was a concentrated stock solution diluted with tap water. The concentrated stock solution contained (NH 4 ) 2 SO 4 , NaHCO 3 , KH 2 PO 4 , CaCl 2 ·2H 2 O, MgSO 4 , and trace element solution. NaHCO 3 was used to supply an inorganic carbon source for growth of autotrophic organisms and prevent drop in pH for nitrification. Ammonia nitrogen concentration in the raw wastewater was 50 mg N/L and the ammonia nitrogen concentration was gradually increased.
Influent and effluent samples of each reactor were analyzed within 2 days of sampling. Nitrate and nitrite were determined by Ion Chromatography (DX-120, Dionex Inc) and ammonia nitrogen was analyzed using Kjeldahl analyzer (KJELTEC 1035 Analyzers). Alkalinity was measured according to Standard Methods (APHA, 1992). All samples were stored and refrigerated at 4 8C until analysis.
Results and discussion
Performance of nitrification in the aerobic HfMBR
The changes of NH 4 -N concentration and efficiency removal of NH 4 -N in the aerobic HfMBR (R1) are shown in Figure 2 . NH 4 -N concentration of the raw synthetic wastewater was changed for estimating the performance of total nitrogen removal according to the C/N value of influent in the treatment system. As shown, all through the run, the nitrifying capacity in R1 was stable, independent of the increasing NH 4 -N concentration of influent. The average NH 4 -N concentration of effluent in R1 was about 2.5 mg N/L and the results showed NH 4 -N removal efficiency of average 97% of the raw synthetic wastewaters. In the aerobic HfMBR, the nitrification rate which was based on the surface membrane area was in the range of 72 to 199 mg N/m 2 d; however, these removal rates are very lower than other study which were used membrane biofilm processes for nitrification (Yamagiwa et al., 1994; Suzuki et al., 2000) . The reason of low removal rate will be explained after the estimation of denitrification rate. From 100 days to 117 days, the temperature controller was out of order and then NH 4 -N removal efficiency decreased suddenly caused by low temperature in R1. The results of the experiment in this period are not shown in this report. The influence of DO concentration in bulk-liquid of R1 on the nitrification efficiency is presented in Figure 3 . In this experimental period, the raw wastewater was used without glucose to prevent consumption of oxygen by oxidation of organic carbon. DO concentration was maintained at 1.5^0.2 mg O 2 /L, 1.0^0.2 mg O 2 /L, 0.6^0.2 mg O 2 /L in Run 4-1, Run 4-2, Run 4-3, respectively. The average removal efficiency of NH 4 -N was above 97% in Runs 4-1, 4-2, and 4-3. The results indicate that the hollow-fiber membrane transferred the oxygen effectively to biofilm formed on the shell of the fibers and also, the HfMBR system can provide both nitrifying and denitrifying environments in the single reactor.
Simultaneous nitrification and denitrification in the aerobic HfMBR Figure 4 shows the removed NH 4 -N concentration and NO 2 -N and NO 3 -N concentrations of effluent in R1. NO 2 -N concentration was nearly 0 mg N/L and NO 3 -N concentration increased according to the NH 4 -N concentration of influents. In this period, when glucose as COD was added in raw synthetic wastewater, the effluent NO 3 -N concentration was lower than the amount of NH 4 -N removed in R1. This result implies that the simultaneous nitrification and denitrification occurred in the aerobic HfMBR. Nitrogen removal efficiency was gradually decreased in R1 as the COD/NH 4 -N ratio of influent was reduced ( Table 3) . The values of removal efficiency were very variable due to the control The assessment of autotrophic denitrification in the anaerobic HfMBR(R2) is shown in Figure 5 . In Run 3, from 81 days to 103 days, NO 2 -N accumulated in R2 due to increase of alkalinity of influent ( Figure 6 ). The optimum pH for autotrophic denitrification is in the range 7.7-8.6 and NO 2 -N accumulation can occur above pH 8.6 (Lee and Rittmann, 2003) . As shown in Figure 7 , the organic carbon was almost consumed in R1 and the COD concentration of effluent of R1 and R2 were similar. The result indicated that the NO 3 -N was reduced mainly by a hydrogenotrophic denitrification in R2. In Run 1, the COD concentration of influent was higher than Run 2 and Run 3, the denitrification rate was in the range 36-48 mg N/m 2 . d; these results were relatively high compared with Run 2 and Run 3 (Table 4 ). To confirm that the reducing NO 3 -N was autotrophic denitrification in R2, Run 4 was conducted in which glucose was not added to the influents. Under this condition, the denitrification rate was in the range 25-56 mg N/m 2 . d; this is similar to Run 2. This result confirms that the removal NO 3 -N of R2 occurred by autotrophic denitrification. The autotrophic denitrification rate per surface area results achieved from this study were lower than the result achieved in membrane biofilm system operated by other researchers (Ho et al., 2001 (Ho et al., , 2002 . This result is similar to the nitrification rate in R1 and is assumed to be due to the defect of structure in HfMBR used in this study. The specific surface area of the hollow-fiber membranes in the reactor was about 530 m 2 /m 3 . This area is relative large size, but the hollow-fibers were installed too densely, therefore the liquid cannot make effective contact with the inner bundle of fiber.
Conclusion
A treatment system combined with an aerobic HfMBR and anaerobic HfMBR was applied to nitrogen removal from synthetic wastewater. In the aerobic HfMBR, nitrifying biofilm formed stably on the surface of fibers and the nitrification was performed successfully. When the raw wastewater contained organic carbon, simultaneous nitrification and denitrification occurred in the aerobic HfMBR. An autotrophic denitrification that used hydrogen as an electron donor was achieved in the anaerobic HfMBR. With these results, this treatment system can be used effectively for nitrogen removal from wastewater that contains low COD concentrations. 
